Nitrate-rich beetroot juice (BR) supplementation increases biomarkers of nitric oxide bioavailability with implications for the physiological responses to exercise. We hypothesized that BR supplementation before and during prolonged moderate-intensity exercise would: 
Introduction
Nitric oxide (NO) is recognized as a ubiquitous signaling molecule fundamental to regulating many physiological functions including vasodilation (14) , skeletal muscle contraction (49) , mitochondrial respiration (8) , and glucose uptake (3) . In humans, NO bioavailability can be increased through exogenous consumption of inorganic nitrate (NO 3 -) which can be reduced to nitrite (NO 2 -) by bacterial NO 3 -reductases in the oral cavity and further reduced into NO and other reactive nitrogen species under appropriate physiological conditions (39) . In addition to reducing resting blood pressure (54) , dietary NO 3 -supplementation has been reported to reduce the O 2 cost of exercise (2, 38, 53) and to enhance skeletal muscle contractile function (22, 24, 55) , effects which might be expected to result in improved exercise performance.
Several studies indicate that NO 3 -supplementation can enhance short duration (<30 min) exercise performance (1, 2, 11, 35, 48) . However, the efficacy of NO 3 -supplementation in improving longer duration exercise performance is less clear (6, 11, 12, 34, 57) . This disparity in the efficacy of NO 3 -supplementation in shorter vs. longer endurance exercise may be related to the metabolism of NO 3 - and NO 2 -during exercise. The pre-exercise elevation in plasma [NO 2 -] following NO 3 -supplementation has been shown to be associated with the magnitude of performance enhancement during long duration cycling (57) . However, following NO 3 -supplementation, plasma ] declines over the course of short duration moderate-and severeintensity exercise (32, 50) , as well as during repeated sprints (51, 52, 59) . Indeed, this decline in plasma ] with time during exercise, which may reflect the use of nitrite as a 'substrate' for NO production, is correlated with enhanced high-intensity exercise performance following NO 3 -supplementation (52, 59) . It is possible, therefore, that long duration endurance exercise results in a progressive, and perhaps substantial, depletion of plasma [NO 2 - ] such that the potential benefits of NO 3 -supplementation on performance later in exercise are no longer elicited (12, 57) .
Ingesting NO 3 -during longer duration exercise might maintain plasma ] at an elevated level and provide the potential for performance to be improved.
During prolonged, constant-work-rate exercise, an upward drift in pulmonary O 2 uptake (̇O 2 ) is typically observed (9, 25) . The O 2 cost of such exercise may increase with time due to a shift in substrate utilization towards fat oxidation, a progressive recruitment of type II muscle fibers, or a decline in skeletal muscle mitochondrial and/or contractile efficiency (29) . Muscle glycogen depletion during prolonged exercise may also contribute to the loss of efficiency over time (43) .
Dietary NO 3 -supplementation has the potential to lower O 2 demand during prolonged exercise (2, 27) . Specifically, NO 3 -supplementation has been reported to enhance the mitochondrial P/O ratio (37; cf. 55) and to reduce the ATP cost of muscle force production (1) . In animal studies, NO 3 -supplementation has been reported to improve intracellular calcium (Ca 2+ ) handling and increase force production at low frequencies of contraction in type II muscle fibers (24) and to lead to preferential blood flow (and O 2 ) distribution to type II muscle (15, 16 2) attenuate the expected progressive increase in ̇O 2 with time; 3) reduce muscle glycogen depletion; and, therefore, 4) improve TT performance.
Methods

Subjects
Twelve recreationally-active males (mean ± SD: age 21 ± 1 years, body mass 78 ± 11 kg, height 1.77 ± 0.07 m, ̇O 2peak , 45 ± 4 mL·kg -1 min -1 ) volunteered to participate in this study, nine of whom volunteered for invasive measurements (muscle biopsies and blood sampling). The protocol, risks, and benefits of participating were explained prior to obtaining written informed consent. This study was approved by the Institutional Research Ethics Committee and conformed to the code of ethics of the Declaration of Helsinki.
Experimental overview
Subjects reported to the laboratory on 5 separate occasions over a 5-week period. On the first visit, subjects completed a ramp incremental exercise test for the determination of ̇O 2peak and gas exchange threshold (GET). During the second visit, subjects were familiarized to the exercise testing procedures, including completion of a moderate-intensity exercise bout (at a work rate of 80% of the GET) for 30 min before completing a target-work (100 kJ) cycling performance test designed to simulate a 4-km TT.
For the duration of the study, subjects were asked to avoid consuming NO 3 --rich foods such as spinach, rocket (arugula), kale, and beetroot, and to refrain from taking any other dietary supplements or using antibacterial mouthwash as the latter affects the commensal bacteria in the oral cavity, resulting in the inhibition of NO 3 -reduction into NO 2 - (21) . In a double-blind, randomized, crossover design, subjects were assigned to receive dietary supplementation for 3 days. On day 3 of each supplementation period (See Supplementation), subjects reported to the laboratory to complete the experimental protocol. Experimental visits were performed at the same time of day (± 2-h). Subjects recorded their activity and diet during the 24-h prior to the first experimental visit and were asked to repeat these for subsequent visits. Subjects were also The three supplementation conditions were: 1) BR supplementation both before and at 1-h into exercise (BR+BR); 2) BR supplementation before and PL at 1-h into exercise (BR+PL); and 3)
PL before and at 1-h into exercise (PL+PL). Each 70 mL beverage contained 72 kcal energy and 15.4 g of carbohydrate. On the first two days of each supplementation period, subjects consumed one 70 mL beverage in the morning and one in the evening, whereas on the experimental day, subjects consumed 2 x 70 mL of their allocated beverage in the morning 2.5-h prior to the exercise and 1 x 70 mL of their allocated beverage at 1-h into exercise. This 3-day protocol was chosen to simulate the approach to supplementation that an athlete might take prior to competition with the time frame for supplement ingestion on the final morning selected because peak plasma [NO 2 -] occurs ~2-3-h following NO 3 -intake (54, 59) .
Exercise procedures
All exercise tests were performed on an electronically-braked cycle ergometer (Lode Excalibur Sport, Groningen, The Netherlands). On the first visit, subjects completed a ramp incremental test, involving 3 min of baseline cycling at 20 W, after which the work rate was increased by 30 W/min until task failure. Task failure was recorded once the pedal rate fell by >10 rpm below the target cadence. The self-selected cadence (70-90 rpm) and seat height and handle bar configuration were recorded and reproduced on subsequent visits. Breath-by-breath pulmonary gas exchange data were collected continuously during the incremental test and averaged over 10-s periods. ̇O 2peak and GET were determined as previously described (53) . Heart rate (HR) was measured during all tests using short-range radio telemetry (Polar S610, Polar Electro, Kempele, Finland).
During the experimental visits, subjects performed baseline cycling at 20 W for 3 min. Following this, subjects completed 2-h of cycling at 80% GET (91 ± 24 W) at their self-selected cadence. A 1-min rest period followed the end of the 2-h bout during which a muscle biopsy was obtained (see Muscle Biopsy). The 100 kJ TT commenced immediately after the 1-min period. Subjects were provided with a 5-s countdown prior to the commencement of all cycling trials. The resistance on the pedals during the TT was set for each individual using the linear mode of the Lode ergometer so that the subject would attain the power output associated with GET plus 65%
of the difference between GET and peak power output (65%Δ) on reaching a cadence of 90 rpm (35) . Subjects were deprived of visual performance cues and did not receive notification on 
Results
All subjects reported consuming all servings of each supplement at the correct times and confirmed that they had maintained their exercise and dietary habits prior to each testing visit.
There were no reports of gastrointestinal distress or discomfort following the ingestion of BR or PL either before or during exercise. and PL+PL (P<0.05).
Pulmonary gas exchange during prolonged moderate-intensity exercise
̇O 2 measured at baseline was not different between conditions (P>0.05). There was a main effect of time (P<0.01) and an interaction effect (condition x time) for ̇O 2 (P<0.05; Fig. 2A ).
Post hoc analyses revealed that the change in ̇O 2 from 30 min to 120 min (P<0.05) was lower in BR+BR compared to PL+PL (P<0.05) and tended to be lower compared to BR+PL (P=0.07, Similarly, there was a main effect of time (P<0.05) but no effect of condition or interaction for HR or minute ventilation. There was a main effect of time (P<0.05) but no effect of condition or interaction for blood [glucose] (P>0.05; Table 1 ). There was no effect of time or condition and no interaction effect for blood [lactate] (P>0.05; Table 1 ).
Muscle metabolic variables
There was a main effect of time (P<0.01) and a trend for an interaction effect (P=0.06) on muscle [glycogen] measured at baseline, 120 min, and post-TT (Fig. 3) and oral temperature, distribution of cardiac output, and salivary flow rate).
Influence of BR on metabolic responses during prolonged moderate-intensity exercise
In the present study, ̇O 2 was not significantly different between conditions until 120 min of exercise, at which point it was lower in BR+BR compared to BR+PL and PL+PL. The increase in ̇O 2 as exercise progressed in BR+PL and PL+PL was therefore attenuated in BR+BR (Fig.   2 ). An increasing O 2 cost of maintaining the same work rate during long-duration exercise may be related to an increased O 2 cost of mitochondrial ATP production and/or an increased ATP cost of force production and could reflect changes over time in substrate utilization, mitochondrial function and motor unit recruitment (29 (2, 18) . In the present study, muscle [PCr] determined from biopsy samples tended to be higher at 120 min of moderate-intensity exercise in BR+BR compared to PL+PL (P=0.08). Given that the depletion of PCr during exercise reflects the energy cost of contraction (31), these results suggest that BR supplementation may have reduced the metabolic cost of force production. For the same mitochondrial P/O, a lower ATP requirement at the same power output would dictate a lower ̇O 2 (58).
It has been reported in rodents (24, 26) and in humans (13, 22, 55) , that muscle contractile force is increased following NO 3 -supplementation. However, the mechanism responsible for this effect remains to be elucidated given that modifications to key contractile proteins related to intracellular Ca 2+ handling have been observed in rodents (24) but not humans (55). Whitfield et al. (56) reported an increased emission of hydrogen peroxide following BR supplementation, suggesting a potential role for redox signaling in augmenting contractile efficiency (17) .
Moreover, at least in rodents, BR supplementation preferentially increases blood flow to (15) , and increases microvascular O 2 pressure surrounding (16), type II muscle fibers, which could contribute to enhanced contractile function. It is possible that, collectively, these effects lower the O 2 cost of long-duration exercise by reducing or delaying the recruitment of motor units that are higher in the recruitment hierarchy and that may be less efficient (4, 29) .
In the present study, we found that muscle glycogen declined by ~28% over 120 min of exercise in BR+BR, compared to ~44% decline in both BR+PL and PL+PL (Fig. 3) . This tendency for muscle glycogen sparing could be reflective of a reduction in overall metabolic demand (from mitochondrial and/or contractile efficiency improvements), and therefore a lower absolute requirement for carbohydrate oxidation. This is supported by the existence of a significant negative correlation between the absolute ̇O 2 and muscle [glycogen] measured at 120 min of exercise. It has been reported that muscle glycogen content is positively correlated with sarcoplasmic reticulum Ca 2+ release rate, which may affect skeletal muscle contractile function (43) . The tendency for muscle glycogen sparing in the BR+BR condition of the present study suggests a possible new mechanism by which dietary NO 3 -might enhance efficiency during long-duration exercise, with implications for exercise performance in such events, and is worthy of further investigation.
There was no difference in RER or blood [glucose] between conditions in the present study. In some previous studies, RER has been observed to be slightly (1, 37) or significantly (59) higher following NO 3 -compared to PL supplementation, although most studies have not found significant differences in RER (2, 6, 12, 53, 56) . Wylie et al. (60) reported a lower blood
[glucose] during high-intensity intermittent exercise following BR compared to PL supplementation and suggested that this may be due to an increased skeletal muscle glucose uptake. It is possible that this effect is intensity-dependent given that other studies have reported no effect of BR on glucose handling during moderate-intensity exercise (6, 12) . Given that we did not observe differences between conditions in blood [glucose] or RER, the sparing of muscle glycogen in BR+BR would appear to be related to a reduced overall muscle metabolic demand as reflected in the lower O 2 cost of exercise. Alternatively, the tendency for muscle [PCr] to be somewhat better maintained during exercise in BR+BR compared to PL+PL, which is consistent with the lower ̇O 2 in BR+BR (1), indicates that muscle energy charge may have been higher when BR was ingested such that the stimulation of glycogenolysis was reduced (23) . In contrast to our findings, Betteridge et al. (6) reported no effect of pre-exercise BR supplementation on muscle [glycogen] (or ̇O 2 ) during 60 min of moderate-intensity cycling. The reason for this difference is unclear but, in addition to the longer exercise duration and the inclusion of BR ingestion during as well as pre-exercise, our subjects consumed 12.4 mmol NO 3 -per day for 3 days whereas the subjects in the study of Betteridge et al. (6) consumed an acute 8 mmol dose of NO 3 -2.5 hours pre-exercise. The dose and duration of NO 3 -supplementation is one factor that is likely to influence efficacy (27) since it may influence NO 3 -and NO 2 -storage in skeletal muscle as well as blood (44, 47, 61) . Recent studies indicate that rat (47) and human (44) (19, 44) .
Influence of BR on metabolic responses and performance during TT exercise
] declined markedly during the TT (Fig. 1B) . This greater rate of decline in plasma performance-enhancing appears to depend on factors such as subject training status, the dose and duration of NO 3 -supplementation, and the intensity, duration, and modality of exercise (27) .
Positive effects of NO 3 -supplementation are more likely to be exhibited in tests of exercise capacity rather than TT efforts (40) . When observed, the ergogenic effect of NO 3 -supplementation on TT performance, while relatively small (~2%; 10, 35, 45, 50), may be meaningful in terms of competitive performance. However, as is the case for the majority of putative nutritional ergogenic aids, the magnitude of this effect is within the sensitivity of most laboratory tests (30) and may be obscured by intrinsic variability in performance as well as subject motivation. It is possible that the apparently positive effects of BR on some physiological variables during prolonged exercise that we found were simply too small to impact on TT performance. However, it is also possible that a greater exercise pre-load, resulting in greater glycogen depletion, and/or the inclusion of a longer duration TT, or a higher-sensitivity test of exercise capacity (40) Completion times for individual subjects shown in grey lines.
